Abstract-A general method to determine the termination network of multiple coupled lines for lowest input return loss is presented. Each line is connected to the ground and its nearest neighbors by resistors whose values are determined by minimizing the reflected power. It is demonstrated that under these conditions the optimum termination network depends on the excitation. The inequality of the modal propagation constants requires that the length of the lines be properly taken into account when designing a termination network which ensures maximum power delivery to the loads. Matching networks for five and seven coupled transmission lines under different excitations are presented. For the more practical case of unknown excitations, a design procedure based on minimizing the reflected power for independent random-incident voltage variables is presented.
I. INTRODUCTION
Systems of coupled lines play a major role in modern microwave integrated circuits. They are used in microwave couplers and filters or simply as a means of channeling electromagnetic energy between different parts of a microwave circuit. Proper design of the transmission section and loads is essential to any effective exchange of energy and information.
Maximum power delivery through a section of a transmission line requires proper matching of the load to the transmission line. Ideally, a termination network consisting of N (N + 1)=2 resistors, such that the load admittance [YL] is equal to the characteristic admittance matrix [Y c ] of the coupled lines, ensures zero reflection [1] . However, due to practical limitations, it is not always possible to terminate the lines in their characteristic admittance matrix, as this leads to a matrix-like termination network interconnecting all lines and ground with each other, thus requiring three-dimensional (3-D) installations of load resistors. Instead, a more practical termination network has been suggested in [2] where each line is resistively connected to ground and only to its nearest neighbors (see Fig. 1 ).
However, with respect to the design of such a network, there are several options for calculating the individual load resistances.
1) Minimizing the Sum of the Magnitudes of the Entries of the Voltage Reflection Matrix [V ]:
The resistances are then obtained by minimizing the positive definite quantity [2] 
However, by eliminating the information contained in the phases of the reflection matrix, this procedure does not take 
Equation (2) now involves the magnitudes of the total reflected voltages on each line. Therefore, we are including-to our advantage-the phases of the individual reflected voltages and their destructive interference. Moreover, we are including the finite length of the transmission-line section, thus taking into account mode coupling between the lines. [Other criteria, such as minimizing the reflected voltage on a given line only, lead to expressions similar to (2) .] 3) Minimizing the Total Reflected Power from the Loads: This is the approach we are proposing in this paper. The reader might feel that this is an immediate disadvantage, since wellmatched termination networks are known to be excitation dependent. However, we counteract this objection by assuming-in Section II-B-an arbitrary distribution of exciting waves in order to find the optimum termination network.
II. THEORY
A. Deterministic Excitation Fig. 1 shows a system of coupled lines of length L along with a realistic termination network in which the ends of the lines are connected to the ground and only to their immediate neighbors according to [2] .
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we get the reflected currents and voltages in terms of the incident voltages
where The average power reflected from the load is then
where the superscript T denotes the transpose of a matrix.
In the ideal, though nonpractical structure of a matrix-like ter- loads is known can a matching termination network, which guarantees maximum power delivery, be designed through (10). However, in most situations, the excitations are only known at the launching point, i.e., at the generator. Consequently, for transmissionline structures, which support propagating modes other than pure TEM, the propagating wave will have a different distribution when it reaches the loads. Especially in this non-TEM case of tightly coupled microstrip lines, the length of the transmission-line section is of fundamental importance, as large differences between the modal propagation constants are typically observed.
The reflected power from the loads, in terms of the incident voltage at the other end (generator), can be derived similarly to (10) and
Here, [V g inc ] is the incident voltage at the generator. Equations (10) and (11) is the unit matrix, we get (10). In general, however, the reflected power depends on the length L and the propagation constants k , and consequently, requires a different termination network.
III. ARBITRARY EXCITATIONS
It is not practical to terminate the network with loads which ensure minimum reflection only for a well-specified excitation unless the network is itself dedicated to such a voltage distribution. In general, the network is excited by waves of arbitrary (stochastic) distribution. It is, therefore, important to design a termination network which reflects a minimum power under these conditions.
A simple model of the random distribution of the incident voltages on the lines is assumed. The excitations on the lines are taken as independent random variables with the same distribution. Absent of any other a priori information about the nature of such a distribution, we assume a discrete random voltage on each line, which, similar to situations in digital signal transmission, takes on the values +1 or 01 V with equal probabilities of 1/2. Note that a more complicated probability density of excitations can be incorporated, but would differ only in the generation of the input voltage vector.
The termination network is now determined by requiring the reflected power averaged over the ensemble be minimum:
The notation X stands for the average of X over the random variable [Vinc] .
In this simple model, the ensemble average in (12) is obtained by adding the weighted contributions from all possible values of the voltages on the lines. Since all the probabilities are taken equal to 1/2, they can be factored out. If a more complicated probability density of the excitations is assumed, (12) should be implemented accordingly.
IV. RESULTS

A. Five Symmetric Lines
We first consider a termination network for five coupled symmetric lines, a structure which was also investigated in [2] . Our results for the propagation constants of the five modes, computed through the spectral-domain immittance approach [6] [2] . The discrepancies between our results and those in [2] are believed to be caused by the number of basis functions. We used two basis functions (with the edge condition) on each line. It was also necessary to sum a large number of terms because of the strong coupling between the lines. However, for the demonstration of this method, the actual values are of secondary importance. The major point here is the fact that the propagation constants are different for different modes.
A variety of strategies to calculate the termination networks were investigated: 1) minimizing the total reflected power; 2) minimizing the sum of the squares of the reflected voltages (2); 3) minimizing the sum of the squares of the entries of the voltage reflection matrix (1). In the last two cases, the termination network is independent of the excitation; however, this is not the case when the total reflected power is minimized. In all cases, the minimizing procedure is based on a quasi-Newton method and a finite-difference approximation of the gradient. Table I shows a comparison between (1), (2), and (10) with respect to the entries of the termination network and the associated reflected powers. The sum-not the reflected power-given in (1) is minimized, with a minimum of 0.006, when the termination network is chosen according to the second column of Table I . However, the reflected power obtained from this network depends on the excitation. If a random excitation is assumed, a minimum of 0.107% reflection is achieved (column 2). This is comparable to the value obtained from direct minimization of the reflected power under the same excitation (column 4). When only line one is excited, the direct minimization of the reflected power according to (10) leads to practically zero reflected power, whereas (1) gives 0.14%.
If the termination network is determined from (2), a minimum reflected power of 1.56% is achieved with the resistors in the third 1 column of Table I . It is interesting to note that the minimum is reached with unequal values of R12 and R45 on the one hand, and R 23 and R 34 on the other hand. For reference, the termination network obtained from the characteristic admittance YC is given in column five.
When the total reflected power is minimized, the optimal termination network depends on the incident wave. Assuming a random excitation, the minimum reflected power is 0.102% of the incident power. The corresponding network is that of column four in Table I . This minimum is of the same order as the reflected power, resulting from when the termination is that given by the characteristic admittance Y C (0.125%) where the lines are connected to the ground plane and only nearest neighbors are interconnected (column five).
When only one line is excited, the reflected power is minimized when the excited line is terminated in a resistance approximately equal to that obtained from YC , with the other lines disconnected from the ground plane. The effect of the length of the transmission section on the termination network was also investigated. For a random-incident excitation at the generator, Fig. 3 shows the minimum total reflected power as a function of L= 0 ( 0 is the free-space wavelength). The curve is periodic only if the modal propagation constants are commensurate, i.e., their ratios are rational numbers.
B. Seven Asymmetric Lines
We finally consider a system of seven asymmetric coupled lines and their termination networks The termination network obtained from (1) comprises the resistors of the second column of Table II . The reflected power from this termination network under a random excitation is 1.92%, which is slightly higher than the value obtained from direct minimization of the reflected power (1.61%, column six). When only line one is excited, the same network reflects 0.72% of the incident powers, whereas direct minimization leads to less than 10 04 % under the same excitation. Under a random excitation, the network obtained from (2) leads to a minimum reflected power of 6.82% (column three).
If the total reflected power is minimized, the resulting network depends on the nature of the excitation. The results are summarized in columns four through six of Table II . Similar to the case of five symmetric lines, the lines are connected to the ground plane and only to their immediate neighbors. When only mode 1 is excited, the total reflected power is 4.8%, when the termination is obtained from the characteristic matrix Y C (not shown in Table II ). This minimum drops to 2.10 05 % when the termination network is optimized with respect to the resistors connecting the lines to the ground plane while keeping the interconnections between neighbors equal to R 1; j = 01=[Y C ] i; j , ji 0 jj = 1.
Note that the different propagation constants and interactions between lines are fully taken into account. Even if a resistance of the termination network is optimized to be close to zero (e.g., columns four and five of Table II) , it means that for the given excitation, a short needs to be placed between the respective line and ground. This can be viewed as if the shorted line is part of the matching network required to minimize crosstalk between the remaining lines. However, on the other hand, if the shorted line is now excited, the termination is bound to fail. This fact supports our proposal for a termination network designed for random excitations.
The dependence of the total reflected power on the length of the transmission section, when a random voltage is incident at the generator, is shown in Fig. 4 . The curve is periodic only if the modal propagation constants are commensurate. As an example of the dependence of the individual elements of the termination network on the line length, Fig. 5 shows the required variation of R11, R22, R33, R 44 , R 55 , R 66 , and R 77 of the asymmetric seven-line structure in order to maintain optimum performance. It is interesting to note that the load element R66 is much more sensitive to the line length than the other resistances. Since all the excitations are assumed having equal probability, this effect is attributed to the fact that line number six is one of the narrowest (0.35 mm) with closest coupling distance (0.1 mm) to its immediate neighbors. Line number seven, although the narrowest, is immediately coupled only to line number six, and does not show as strong a sensitivity.
V. CONCLUSIONS
An analysis of the termination networks which lead to maximum power delivery, or minimum total reflected voltage, is presented for tightly coupled microstrip lines. Since an ideally matched matrixtype termination network can not be constructed, a termination network which minimizes the reflected power is designed instead. Even when the individual entries of the reflection matrix [V ]ij are not small, it is possible to considerably reduce the reflected power or voltage by adjusting the phases and magnitudes of the individual reflected waves. Since the termination network which insures minimum power reflection depends on the nature of the incident excitation, the terminology adaptive termination network is arguably more appropriate. For unknown excitation, which is usually the case in practice, a termination network based on random excitation is proposed.
